The immune responses to
It is now generally accepted that Helicobacter pylori infection is a major cause of chronic gastritis and peptic ulcers. It has been suggested that the histological damage due to the ammonia produced by H. pylori urease (19) , the vacuolization of gastric epithelium caused by the cytotoxin derived from H. pylori (8) , and the mucosal injury caused by the host immune responses (1, 10, 15, 16) are important in the pathogenesis of these gastroduodenal diseases. Although it has been suspected that the activation of immune cells is a pivotal factor and that cytokines contribute to their activation, the mechanisms have not been clearly defined.
We previously investigated the cytokine expression patterns of human gastric mucosal biopsy specimens by the reverse transcription-PCR method (20, 21) . Since the results showed that the expression of interleukin-8 (IL-8) mRNA was significantly higher in H. pylori-positive gastritis than in H. pylorinegative controls and that there was a close correlation between the expression of IL-8 mRNA and the severity of gastritis, we suggested that IL-8 could play an important role(s) in mucosal inflammation.
In addition, gamma interferon (IFN-␥) and IL-1␤ mRNAs were detected in the vast majority of the specimens examined in those studies, whereas IL-2, IL-3, IL-4, IL-5, IL-9, IFN-␤, and tumor necrosis factor alpha mRNAs were not detected in any specimens and IL-6 mRNA was detected in only a few specimens. IFN-␥ is thought to be important in immune responses, because it induces the expression of the class II major histocompatibility complex of antigen-presenting cells and activates macrophages and natural killer cells.
In an experiment with IFN-␥ gene knockout (IFN-␥ Ϫ/Ϫ ) and wild-type mice, Dalton et al. showed that IFN-␥ enhanced the expression of the class II major histocompatibility complex on the surface of peritoneal macrophages during Mycobacterium bovis BCG infection and that IFN-␥ contributed to protection from BCG infection (2). Tagawa et al. reported that the development of concanavalin A-induced hepatitis was reduced significantly in IFN-␥ gene knockout mice compared with that in wild-type mice (18) . Thus, IFN-␥ appears to be involved in protection from bacterial infection and in induction of inflammation. Although the expression of IFN-␥ mRNA was not specific to H. pylori-associated gastritis, the finding that the expression of IFN-␥ mRNA always took place in gastric mucosa (20) (11) noted that their H. pylori-infected mouse models could be used for the study of pathogenesis, the screening of novel therapeutic agents, and the development of vaccines. However, in order to confirm the contribution of IFN-␥ to H. pylori-induced gastric inflammation, it is necessary to develop new mouse models which can conclusively define the contribution of this cytokine. In the present study, we designed an H. pylori-infected IFN-␥ Ϫ/Ϫ mouse model and investigated the role of IFN-␥ in protection from H. pylori infection and in the development of gastric inflammation.
as the antigen for oral immunization and for an ELISA. The antigen preparations were stored at Ϫ80°C in aliquots until use.
Experimental protocol for H. pylori infection. All mice used in this study were challenged only once at the beginning of the experiment, after 8 h of fasting, with 0.5 ml of the inoculum preparation of H. pylori or PBS (pH 7.4) (as an uninfected control) by use of an oral stainless steel catheter. The mice were then maintained on the fast for 4 h and housed as described above. The colonization of gastric mucosa was assessed at specified times. Each experimental group comprised 6 to 10 mice.
Experimental protocol for oral immunization. Wild-type and IFN-␥ Ϫ/Ϫ mice were each divided into three groups and administered one of the following three kinds of antigen solution: group 1, 0.2 ml of PBS (pH 7.4) alone; group 2, 0.2 ml of PBS containing 100 l of the CPY2052 sonicate; and group 3, 0.2 ml of PBS containing 100 l of the CPY2052 sonicate plus 10 g of cholera toxin (Sigma Chemical Co., St. Louis, Mo.). Antigen administration was carried out at days 0, 7, and 14, after 8 h of fasting, by use of an oral stainless steel catheter. At day 21, all groups were challenged with 0.5 ml of the inoculum preparation of CPY2052 after 8 h of fasting. After the administration of the antigen solution or the inoculum preparation, fasting was continued for 4 h. Colonization of the gastric mucosa and the level of H. pylori-specific serum immunoglobulin G (IgG) in each group were assessed at day 42. Each experimental group comprised 6 to 10 mice.
Microbiological evaluation. Mice were sacrificed at specified times, and their stomachs were resected. The resected stomachs were divided longitudinally into two halves and weighed. One half of each resected stomach was added to 1 ml of PBS and homogenized with a tissue grinder (Pellet Pestle Mixer; Kimble/ Kontes). A 50-l portion of the homogenized stomach was plated on an HSBHI agar plate and incubated for 5 days at 37°C with an Aeropack System as described above. The colonies on the plate were counted and expressed as CFU per gram of tissue.
For determination of whether the organisms of the colonies were H. pylori, a PCR was carried out with DNA prepared from the colonies. Five of the colonies on the plate were scratched and suspended in 1 ml of PBS. The suspension was centrifuged (10,000 ϫ g for 5 min), and the precipitate was washed with 1 ml of PBS by centrifugation. The precipitate was resuspended in 50 l of distilled water and boiled for 10 min. The supernatant obtained by centrifugation (10,000 ϫ g for 5 min) was stored at Ϫ20°C until use as a PCR template (bacterial DNA preparation).
Four oligonucleotide primers were designed based on the published sequences of the H. pylori ureB and cagA genes and synthesized with a DNA synthesizer (Gene Assembler Plus; Pharmacia Biotech, Uppsala, Sweden) as described previously (21) . The primers for the ureB gene were 5Ј-TGGGATTAGCGAGTA TGT-3Ј (sense) and 5Ј-CCCATTTGACTCAATG-3Ј (antisense), and the primers for the cagA gene were 5Ј-GATAACAGGCAAGCTTTTGAGG-3Ј (sense) and 5Ј-CTGCAAAAGATTGTTTGGCAGA-3Ј (antisense).
Thirty microliters of the bacterial DNA preparation was denatured by heating at 95°C for 10 min and cooled on ice for 5 min. Five microliters of this denatured DNA preparation was used in the PCR. Fifty microliters of the reaction mixture consisted of 10 mM Tris-HCl (pH 8.8), 0.1% Triton X-100, 50 mM KCl, 1.5 mM MgCl 2 , 20 M 2Ј-deoxynucleotide 5Ј-phosphates (Pharmacia Biotech), 20 nM each primer, 1.0 U of Taq DNA polymerase (Boehringer GmbH, Mannheim, Germany), and 5 l of the denatured DNA preparation. Amplification was performed with an automated thermal cycler (TP-3000; Takara Shuzo Co., Kyoto, Japan) for 35 cycles, each of which consisted of 1 min at 95°C for denaturation, 1 min at 50°C for annealing, and 1 min at 72°C for extension. The final cycle included an extension step for 7 min at 72°C to ensure full extension of the product. Ten microliters of each PCR product was analyzed by electrophoresis on a 1.5% agarose gel containing ethidium bromide, and the bands were examined under UV light.
Histological evaluation. The other half of each resected stomach was used for the histological evaluation. Longitudinal sections from the gastroesophageal junction to the gastroduodenal junction were fixed in neutral buffered 10% formalin, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin. The degrees of inflammation were assessed by microscopic observation without knowledge of the experimental groups and was expressed as follows: none, normal appearance of scattered mononuclear cells on the lamina propria (the same degree as in uninfected control mice); mild, moderate infiltration of mononuclear cells in the lamina propria and the submucosa and no erosions in the epithelium; moderate, moderate infiltration of mononuclear cells in the lamina propria and the submucosa and erosions in some parts of the epithelium; and severe, severe infiltration of mononuclear cells in the lamina propria and the submucosa and erosions in many parts of the epithelium.
ELISA for H. pylori-specific serum IgG. Blood was obtained from mice before killing, and serum was collected. Each well of a 96-well microtiter plate was filled with 100 l of 0.1 M carbonate buffer (pH 9.6) containing 0.1 l of the antigen preparation of H. pylori CPY2052 described above, incubated overnight at 4°C, washed five times with PBS (pH 7. with PBS-Tween 20 was added to each well, and the plate was incubated for 1 h at 37°C. After the plate was rinsed again with PBS-Tween 20, 100 l of 3.8 mM p-nitrophenyl phosphate as a substrate was added to each well and incubated for 30 min at room temperature. The optical density at 405 nm was measured with a microplate reader (Titertek Multiscan). Negative control serum was obtained from 13-week-old wild-type mice and included in every assay.
Spectrophotometric urease assay. Urease activity in live bacteria was measured spectrophotometrically by modifying the method of Fauchère and Blaser (7) . H. pylori strains were cultivated for 30 h in BHI broth containing 4% (vol/vol) FBS as described above and harvested by centrifugation at 5,000 ϫ g for 10 min. The precipitate was washed three times with PBS (pH 6.5) by centrifugation and suspended in PBS. The bacterial concentration of the suspension was adjusted to 8 ϫ 10 8 CFU/ml by measuring the optical density at 550 nm with a Shimadzu UV-120-01 spectrophotometer. Fifty microliters of the bacterial suspension was added to each well of a 96-well microtiter plate, and the reaction was started with the addition of 50 l of 300 mM urea in PBS containing 0.5% (wt/vol) phenol red. The reaction was carried out at 37°C, and the optical density at 570 nm was measured at 20 and 50 min after the start of the reaction with a microplate reader (Titertek Multiscan). Urease activity was evaluated by calculating the increment in the optical density and was expressed as follows: Ϫ, below 0.01; Ϯ, from 0.01 to 0.03; ϩ, from 0.03 to 0.30; and ϩϩ, above 0.30.
Statistics. Colonization and serum IgG values were expressed as means Ϯ standard errors. Sample means were compared by the Mann-Whitney U test. Infection rates were compared by the two-tailed Fisher exact probability test. A P value of Ͻ0.05 was considered significant.
RESULTS
Screening of H. pylori strains useful for mouse experimentation. To identify the H. pylori strains with colonizing ability in the mouse stomach and to determine whether IFN-␥ is involved in protection from H. pylori infection, we first examined the colonizing abilities of eight human clinical H. pylori isolates by using C57BL/6 wild-type mice and IFN-␥ Ϫ/Ϫ mice 4 weeks after infection (Table 1) . Three strains (ATCC 43504, CPY2052, and HPK127) colonized both wild-type and IFN-␥ Ϫ/Ϫ mice, and the magnitudes of infection were considerably high. However, the colonization values were somewhat lower in the wild-type mice than in the IFN-␥ Ϫ/Ϫ mice ( Table 1) . Strain ATCC 51110 did not colonize either mouse strain at all, and strain KP48a colonized IFN-␥ Ϫ/Ϫ mice but not wild-type mice. The other three strains (KP41a, KP64b, and CPY3401) colonized IFN-␥ Ϫ/Ϫ mice and partially colonized wild-type mice.
As one of the factors regulating colonizing ability, we also evaluated the urease activities of the eight H. pylori strains ( Table 1 ). All strains except for ATCC 51110 showed urease activity.
In addition to the colonizing and urease activities, we examined the histology of the gastric mucosa (Fig. 1) . All strains except for CPY2052 resulted in no symptoms of gastric inflammation in both wild-type and IFN-␥ Ϫ/Ϫ mice. The gastric tissues from the wild-type mice infected with CPY2052 showed a moderate infiltration of mononuclear cells in the submucosa and the lamina propria, whereas the same tissues from the IFN-␥ Ϫ/Ϫ mice infected with CPY2052 did not show any infiltration. These findings indicate that only strain CPY2052 can cause the infiltration of inflammatory cells in the presence of IFN-␥.
We were thus able to identify two types of H. pylori strains with colonizing ability in both wild-type and IFN-␥ Ϫ/Ϫ mice, one of which has inflammatory ability (CPY2052) and the other of which does not have inflammatory ability (ATCC 43504 and HPK127).
Long-term infection test for confirming gastric inflammation. To examine the inflammatory features of the CPY2052-infected wild-type mouse model, we carried out a long-term infection test to compare this model with the CPY2052-infected IFN-␥ Ϫ/Ϫ mouse model (Table 2 and Fig. 2 ). In wild-type mice infected with CPY2052, a moderate infiltration of mononuclear cells in the submucosa and the lamina propria was observed 8 weeks after infection. Erosions were also recognized in some parts of the epithelium. Fifteen months after infection, erosions of the epithelium became more evident and a severe infiltration of mononuclear cells or lymphoid follicles appeared in the submucosa and the lamina propria. However, no vacuoles were observed. The infiltration Protection from H. pylori infection by oral immunization. To determine whether IFN-␥ is involved in protection from H. pylori infection by vaccination, we carried out an oral immunization protection test by using the CPY2052-infected wild-type mouse model and the CPY2052-infected IFN-␥ Ϫ/Ϫ mouse model ( Table 3 ). The CPY2052 bacterial sonicate was given orally to mice with and without cholera toxin, used as an adjuvant. In a control study, PBS was given instead of the antigen. Mice were then exposed to strain CPY2052 as described in Materials and Methods. All mice that received PBS were infected. In mice treated with the bacterial sonicate alone, protection from H. pylori infection was incomplete in both mouse models. In contrast, complete protection was achieved in wild-type mice immunized with the bacterial sonicate and cholera toxin, and almost complete protection was obtained even in IFN-␥ Ϫ/Ϫ mice immunized in the same manner.
To identify the effects of IFN-␥ on the activation of humoral immune responses in the presence of oral immunization, we performed an additional experiment. The levels of H. pylorispecific serum IgG in both mouse models were determined as one of the indices of the activation of humoral immune responses (Fig. 3) . The bacterial sonicate alone induced no increase in the levels of H. pylori-specific serum IgG, whereas the addition of the adjuvant significantly increased the levels of H. pylori-specific serum IgG in both models. However, there was no significant difference in the levels of H. pylori-specific serum IgG between the wild-type mice and the IFN-␥ Ϫ/Ϫ mice.
DISCUSSION
It appears that there are differences in infective ability among H. pylori strains, since Lee et al. obtained only one H. pylori strain that could infect mice from among biopsy specimens from 23 patients (11). It is not yet known what factors regulate the infective ability of H. pylori. Eaton et al. studied the urease-dependent colonization of gnotobiotic piglets by H. pylori and reported that urease activity was essential for the colonization of gnotobiotic piglets by H. pylori (3, 4) . It has therefore been suspected that the urease activity of 8 H. pylori strains has a strong influence on the infective ability of the bacteria. In the present study, strain ATCC 51110 (which has no urease activity) was not able to colonize, while strains ATCC 43504, CPY2052, and HPK127 (which have urease activity) colonized both wild-type and IFN-␥ Ϫ/Ϫ mice. However, strain KP48a, which has urease activity, was not able to colonize wild-type mice. These results indicate that urease is a necessary but not sufficient factor for the colonization of mice by H. pylori. Other bacterial features, such as motility (5, 6 ) and adherence to epithelial surfaces (9, 14, 17) , may influence infective ability.
There have been few reports regarding the protective effect suggested that a protective role of IFN-␥ against H. felis infection was unlikely, because the neutralization of IFN-␥ by anti-IFN-␥ antibody treatment had no effect on the magnitude of infection in their H. felis-infected mouse model (13) . On the contrary, in our study, the H. pylori strain (KP48a) without the ability to colonize wild-type mice was able to colonize IFN-␥ Ϫ/Ϫ mice, clearly demonstrating the positive contribution of IFN-␥ to protection from H. pylori infection. However, based on our finding that H. pylori ATCC 43504, CPY2052, and HPK127, all with strong infective ability, could colonize wild-type mice despite the expression of IFN-␥, we consider that the protection induced by IFN-␥ is not so strong. The present results showed that IFN-␥ was not essential for protection by oral immunization, because oral immunization with an H. pylori sonicate and cholera toxin was similarly effective in IFN-␥ Ϫ/Ϫ mice and wild-type mice. The protection mechanisms induced by oral immunization are thought to be different from that based on IFN-␥. After oral immunization with the H. pylori sonicate and cholera toxin, the H. pylorispecific serum IgG levels increased significantly. However, the levels in the immunized wild-type mice were almost the same as those in the immunized IFN-␥ Ϫ/Ϫ mice. These results suggested that the protective effect induced by oral immunization is based on humoral immunity. IFN-␥ might exert a protective effect via host defense systems, including cellular immunity and the activation of macrophages and natural killer cells, rather than humoral immunity.
One of the most interesting current issues is how colonization by a noninvasive bacterium, H. pylori, causes gastritis. The vacuolization of epithelial cells by cytotoxin is suspected to be one of the causes. However, because no vacuoles were observed in the epithelium even 15 months after infection in the CPY2052-infected wild-type mouse model, although inflammatory responses were confirmed, it is not likely that vacuolization caused gastritis in this model.
We consider that IFN-␥ is involved in the activation of mononuclear cells, because the infiltration of mononuclear cells was observed in CPY2052-infected wild-type mice but not CPY2052-infected IFN-␥ Ϫ/Ϫ mice. Mohammadi et al. reported that anti-IFN-␥ antibody treatment of mice caused a significant reduction in in vitro IFN-␥ production by splenic and gastric lymphocytes from mice infected with H. felis and that this reduction in IFN-␥ production was accompanied by a reduction in the gastric inflammation score (13); these results suggested that IFN-␥ was involved in the continuation of gastric inflammation. The present study demonstrated the positive contribution of IFN-␥ to gastric inflammation caused by H. pylori infection.
Ye et al. reported that gastric epithelial cells constitutively expressed the class II major histocompatibility complex and that the constitutive expression of the class II major histocompatibility complex on gastric epithelial cells increased markedly during infection with H. pylori. They also suggested that IFN-␥ might enhance the antigen-presenting cell function of gastric epithelial cells through the up-regulation of the class II major histocompatibility complex (22) . The role of IFN-␥ indicated in the present study might involve intensification of the antigenpresenting cell function of gastric epithelial cells.
Based on the present results, we conclude that IFN-␥ may play an important role in inflammation rather than protection from H. pylori infection, although IFN-␥ is involved in both protection from H. pylori infection and the inflammation induced by this infection. This study also shows that different H. pylori strains can cause various levels of infection or inflammation in the presence or absence of IFN-␥. 
